A computer simulation with a GILDES-based model using the COMSOL multiphysics software was performed for copper exposed to low concentrations of carboxylic acids in humidified air at room temperature. GILDES is a six-regime computer model (Gas, the Interface between gas and liquid, the Liquid, the Deposition layer, the Electrodic region near the surface and the Solid). The simulations were compared to previously published in-situ results for copper at the same conditions analysed by a quartz crystal microbalance (QCM) and infrared reflection absorption spectroscopy (IRAS). Experimental and calculated results agree with each other with respect to the effect of corrosion, showing formic acid as the most aggressive followed by acetic and propionic acid. This is supported by a higher ligand-and proton-promoted dissolution found in formic acid exposures, followed by acetic and propionic exposures. Atmospheric corrosion models are an important tool for the society. By aiding in proper material selection they can improve the functionality and safety of the different structures as well as electronic devices exposed to the atmosphere at different climatic conditions. Models of corrosion have traditionally been developed based on statistical analyses of field data by applying simple physical/chemical arguments, for example by separating the effect of dry and wet deposition into individual additive terms.
Atmospheric corrosion models are an important tool for the society. By aiding in proper material selection they can improve the functionality and safety of the different structures as well as electronic devices exposed to the atmosphere at different climatic conditions. Models of corrosion have traditionally been developed based on statistical analyses of field data by applying simple physical/chemical arguments, for example by separating the effect of dry and wet deposition into individual additive terms. 1 The corrosion rate is usually correlated to measured environmental factors. These classification schemes have a limited accuracy, one reason being the effect of micro-climate, which means that corrosion rates can vary dramatically between locations that are only meters apart. 2 However, examples of models based on first principles are starting to emerge. Spence and Haynie 3 and Lyon et al. 4 studied the processes of oxide dissolution and formation, and the electrochemical processes within a droplet on a metal surface. Cole et al. 5 evaluated the deposition of gases and aerosols both inside and outside museums and the resulting effects on corrosion of cultural objects using a holistic model. The study shows the relative importance of different deposition mechanisms within a building, such as gravity, vortex shedding and, in the case of significant air flows, momentumdominated impact. Díaz and López 6 developed a deterministic model for the damage function of carbon steel expressed in terms of corrosion penetration as a function of environmental variables using an Artificial Neural Network (ANN) to fit the data. Cole et al. 7 describe a multiscale (from global to micron) model for the prediction of atmospheric corrosion of zinc. The model is able to predict corrosion rates of metal components to enable appropriate material selection and to determine how microstructure and oxide development influence corrosion rates. Farrow et al. 8 in 1996, applied the mentioned GILDES model to perform the first theoretical mechanistic study of the atmospheric corrosion of zinc in a controlled environment. The results show that, under such conditions, the principal process is the ligand-promoted dissolution. Tidblad and Graedel 9 developed the first GILDES model for copper and it simulated the exposure of copper to 210 ppb (ppb = parts per volume billion) sulfur dioxide and 80% relative humidity. The results show that the kinetics is crucial to a comprehensive analysis of copper corrosion.
The aim of this work is to perform computer simulations with a GILDES-based model using the COMSOL multiphysics software for exposures of copper in low concentration of acetic, formic and propionic acid at room temperature. Laboratory experiments define the boundary conditions for the simulations, for example air concentrations of the respective acids. The model outputs are, however, independent from the output of the laboratory results in a similar way as outputs from any other analytical technique. The primary aim is to contribute to the understanding of the atmospheric corrosion of copper induced by carboxylic acids on a molecular level by identifying important reactions. It is not to develop a quantitative computer model that can be used for prediction of copper corrosion under these conditions.
Experimental
Laboratory experiments.-In previous experiments, 10, 11 a procedure based on infrared reflection absorption spectroscopy (IRAS) integrated with a quartz crystal microbalance (QCM) was developed to quantify the initial atmospheric corrosion of copper induced by low concentrations of acetic, formic and propionic acid. The experiments were performed at room temperature at 95% relative humidity for 96 hours. From the results, two spatially separated pathways were identified: a proton-induced dissolution of cuprous ions followed by the formation of copper (I) oxide, and a carboxylate-induced dissolution followed by the formation of copper (II) carboxylate. It was found that the aggressiveness of the acids decreases in the order, formic acid > acetic acid > propionic acid. These experimental results were chosen as the basis for the present theoretical calculation.
Atmospheric corrosion model.-The calculations have been performed by implementing GILDES, a multi-phase physical-chemical model, into the computational framework COMSOL multiphysics. GILDES is a multiregime computer model that has been successfully applied to zinc, 8 SO 2 induced atmospheric corrosion of nickel, 12 copper exposed to gaseous SO 2 alone or in combination with either NO 2 or O 3 , 9, 13 and copper exposed to ammonium sulfate particles.
14 GILDES is a six regime computer model composed of (G) Gas phase, (I) interface between gas and liquid, (L) liquid phase, (D) deposition layer, (E) electrodic region near the surface and (S) solid phase. The GILDES model incorporates Stumm's concept of proton-and ligandpromoted dissolution. 9 A more detailed description of the model can be found elsewhere. 15 The model was developed with the assumption that mass transport of water was not limiting and thus the thickness of the liquid film was set as a constant (5 nm). Another assumption is the neglect of the electrochemical processes and that oxygen is in equilibrium with the water film at all times.
The new approach of this study is to develop an atmospheric model in the presence of carboxylic acids using the COMSOL software. All calculations were performed using COMSOL 3.5 together with Reaction Engineering Lab 1.5. Direct PARDISO linear system solver was used. An initialization mesh of 1 element was used for the simulations except for propionic acid modeling where the number of elements was 8. This differs from previous GILDES simulations where the number of elements was kept constant and equal to 1. 9 Atmospheric corrosion of copper induced by acetic, formic and propionic acid was simulated separately.
Base reaction set.-The complete set of reactions used for the three models is shown in Table I. The table includes 114 reactions,  74 derived from expanding the 34 equilibria into forward and reverse reactions, six nucleation reactions and 40 irreversible reactions. Reactions denoted by (*) will be explained within the text. Reactions denoted by (#) are common for the separate simulations of acetic, formic and propionic acid. The set are composed of gas-liquid equilibria, hydratation chemistry, acid-base reactions, surface acid-base reactions, complex formations, surface complex formation, solubility equilibria, non-metal and metal redox reaction and irreversible ligandor proton-promoted dissolution. A value of 1.1×10 −5 mol m −2 was set for one monolayer. 9 The thickness for the liquid layer was chosen to be 5 nm for the base set. 9 Rate constants.-The forward rate constants 8 for the transport of gas to liquid solution of oxygen, carbon dioxide and carboxylic acids was 9.00 × 10 −2 mol atm −1 m −2 s −1 estimated from the initial mass transport condition present in the experimental setup as was measured by Persson and Leygraf. 37 In this study the same constant was used assuming that the laboratory mass transport conditions, i.e., flow patterns and velocities, were not changed. The forward rate constant for ionization of propionic acid was assumed to be the same as reported for the other two acids, 5 × 10 7 m 3 mol
Three rules of thumb (RT's) developed by Tidblad and Graedel within the initial SO 2 -induced atmospheric corrosion model of copper were also applied here. 9 The protonation reactions are similar to the reactions in the SO 2 environment and a factor of 0.4 was used for each unit change of the charge of the proton reaction partner (RT1). The rate for the surface reaction (Reaction 67) was estimated using the same rule. For complex formation reactions slower than protonation reactions, it was assumed that the rate constant for the ligand substitution reaction was independent of the ligand (RT2). The same rule was applied for surface reactions 68-70. For copper redox reactions a value of one decade per unit charge was chosen by comparing sets of reactions with other metals (RT3).
The formation constant of copper (I) acetate was calculated by Hancock 26 and fitted with the use of a logarithmic equation from parameters identified with their tendency to undergo ionic or covalent bonding and desolvation effects. Constants for copper (I) formate (Reaction 23) and copper (I) propionate (Reaction 28) were estimated using their pKa values in order to calculate the tendency of covalent bonding for the Lewis base and then using the same parameter to estimate the formation constant. These parameters were varied and their influence will be discussed later on. The equilibrium constant for surface reactions 68-70 were estimated using surface reaction 67, acid base reactions and formation reactions of copper (I) carboxylates. As described elsewhere 9 each reaction 66-71 is a shorthand notation for three reactions, representing the nucleation process, the precipitation process and the dissolution process. The symbol (≡) is used to indicate the attachment of a compound to a specific phase, S denoting an initial surface compound and D a compound deposited from the liquid phase. This symbol for precipitated phases (D≡) is included in figures and text when it is especially important to emphasise that it is a calculated quantity from the present GILDES model. However, when discussing precipitated phases in a more general sense the D≡ sign is removed. The concentration of nucleation sites was assumed to have a constant concentration during calculations with a chosen value of 1000 monolayers. 9 Each equilibrium reaction was estimated from the solubility of the hydrated copper carboxylate, being 72 g L −1
for Cu(CH 3 COO) 2 was assumed taking into account that the propionate is more soluble than the other carboxylates. The higher solubility for acetic acid is presumably due to the weaker hydrogen bounding to water caused by the introduction of the methyl substituent, which in the case of propionic acid could be even more prominent resulting in a more soluble compound. These values were also subject to variation later on in the paper.
In an early stage of the calculations the deposition reaction of unhydrated copper carboxylate was considered, but it was eliminated from the base set reactions because the precipitated amount was negligible. This is in agreement with experimental results where the hydrated form of the carboxylate was considered more likely to be formed in a low pollutant atmosphere (120 ppb). 10, 11 The constants for surface dissolution reactions were chosen to have the same value as in previous estimations for copper in SO 2 environment. 9 But both parameters were varied in order to investigate their influence in the corrosion process.
Results and Discussion
Computed results with base set of constants.- Figure 1 shows the amount of D≡Cu 2 O as a function of time in experiments and corresponding calculations for the three carboxylic acids. The kinetics of the experimental results is different from the simulations. The GILDES model mainly deals with processes occurring on the surface and the interface regime while cuprite (Cu 2 O) formation most likely is limited by processes within the solid state. 13 The experimental results are obtained on a 1 cm 2 copper sample and show different cathodic and anodic areas over the surface, which could increase the production of copper (I) oxide compared to the equivalent model. It is clear that a more detailed model of the atmospheric corrosion of copper in the presence of carboxylic acids is needed involving a 2-dimensional simulation with a potential variation and cathodic/anodic area distributions as well as a more complete description of the solid state, using for example the Cabrera and Mott theory. 39 However, the same ranking of the effects of the acids is found when comparing the 1-dimensional simulations with experimental values, with more production of Cu 2 O (Fig. 1 ) and also hydrated copper (II) carboxylate (Fig 2. ) for exposures in formic acid, followed by acetic acid and then propionic acid as the least aggressive carboxylic acid. The agreement between simulated and experimental carboxylate amounts is better than for cuprite, especially for formic acid. According to the experimental data obtained by IRAS/QCM, formic acid results in the highest corrosion rate with a total induced mass gain of 6.0 μg cm −2 followed by 1.5 μg cm −2 for acetic acid and 0.5 μg cm −2 for propionic acid after 96 h of exposure. 11 These difference in corrosion effect can be interpreted from differences in dissociation constants and resulting dissociation degrees in the order formic acid > acetic acid > propionic acid. Moreover, the experimental deposition velocities follow the same trend with the highest deposition associated with formic acid exposures. The calculated total dissolution rate (added rates of reaction 77 and 78/79/80) for the acids are as follows: 3.44 mM s −1 for formic acid, 0.86 mM s −1 for acetic acid, and 0.024 mM s −1 for propionic acid. Figure 3a -3c shows the summary of the base set results for all acids, where two different pathways are shown for the dissolution of copper, proton-and ligand-promoted dissolution. Copper is covered by a thin copper (I) oxide layer under ambient conditions 40 and after dissociation of the carboxylic acid (reactions 14-16), both protons and carboxylate ions may interact with the hydroxylated surface formed upon exposure with the aqueous adlayer. The surface hydroxyl groups (S≡CuOH) have ion-exchange properties forming other surface complexes such as S≡CuOH 2 + (reaction 67), S≡Cu(CH 3 COO) (reaction 68), S≡Cu(HCOO) (reaction 69) and S≡Cu(CH 3 CH 2 COO) (reaction 70). In the base set the protonated hydroxyl group S≡CuOH 2 + is written as S≡Cu + . The two pathways are described as follows. In proton-promoted dissolution, H + can react with S≡CuOH to form S≡Cu + which then dissolves according to reaction 77 with a rate of Table I . Base set reaction. COO) which then dissolves with a rate of 0.02 mM s −1 (reaction 80). As was expected, the total corrosion rate is greater in the presence of formic acid, followed by acetic acid and propionic acid. This trend is also confirmed by corresponding changes in Cu + concentration and pH. Because of the acid aggressiveness, the amount of H + in solution is greater in formic acid producing more dissolution of copper ions. The Cu + concentration after 96 hours, which is around 86.5 mM in the presence of formic acid, enhances the net oxidation to Cu(II) compared to the lower value of 1.04 mM for acetic acid and the lowest value of 0.1 μM for propionic acid. The higher concentration of Cu + leads to a higher concentration of Cu 2+ increasing the precipitation of copper hydroxide. Figure 4 shows the simulated amount of copper hydroxide for copper exposed to the three carboxylic acids during the first 96 hours. According to the experimental results, copper hydroxide was not detected by QCM/IRAS for acetic acid and propionic acid exposures, but it was detected with IRAS and coulometric reduction for exposures in formic acid. As a possible explanation, exposures in formic acid may produce more anodic areas due to its aggressiveness to the copper surface characterized by lower pH. The simulations show appreciable amounts of copper hydroxide for exposures in acetic and formic acid but not for propionic acid, where the amount is clearly negligible. Cu 2+ species promote the precipitation of Cu(OH) 2 rather than the corresponding carboxylate formation since the amount of organic acids available in the liquid solution is not enough for precipitation, at least when using the Henry's Law constant in the base set. When this parameter is increased, the amount of organic acid present in the liquid solution increases. When comparing simulations and experimental results, the results agree in the sense that more production of hydroxide is formed in formic acid compared to the other acids. In all, the total amount of hydroxide suggested from the simulations is higher than detected in the experiments.
Reaction Number Reaction
The deposition of unhydrous copper carbonate was insignificant in all simulations, in the order of 0.033 monolayers in acetic acid, 0.014 monolayers in formic acid and 0.0006 monolayers in propionic acid after 96 h of exposure, in agreement with the exposures of copper to carboxylic acids. 11 We consider next the variation of some constants and how they influence the simulated results, in order to explore possible reasons for differences with the experimental results. Figure 5 shows the influence of the K H constant on the precipitated amount of the hydrated acetate. The amount of hydrated copper acetate increases clearly with Henry's law constant. The more precipitated amount of hydrated acetate is produced according to the simulation, the more it approaches the experimental value (Fig. 5) . This increase is related to the amount of CH 3 COOH that escapes back to the gas phase, which diminishes when increasing the constant. In any case, most of the acetic acid is returned to the gas phase showing that mass transport in the gas phase is not a limiting step for acetic acid. A value of 9.3 × 10 6 mol atm −1 m −3 was chosen for the simulations. 17 This value is close to the experimental value of (7 × 3) × 10 3 mol atm
Variation of constants.-
reported by Johnson et al. 42 and the calculated values reported in previous studies. 43, 44 The amount of hydrated copper formate does not exhibit any change related to variations of the Henry's Law constant and in this case the calculated and measured values are more close to each other. This insensitivity to variations in Henry's law constant could be related to a mass transport limitation in the gas phase. A value of 13.4 × 10 6 mol atm −1 m −3 was chosen for the base set in the simulations 17 because it is accepted that K H for formic acid should be greater than for acetic acid (9.3 × 10 6 mol atm −1 m −3 , also from ref 17). In the case of propionic acid, the behaviour is similar to acetic acid simulations. When increasing the Henry's law constant from 2.2 to 6.2 mol atm −1 m −3 the amount of hydrated copper propionate increases. A value of 6.2 × 10 6 mol atm −1 m −3 was chosen for the simulations 17 and taken from the same reference as the two previous carboxylic acids (see Table I ).
The effect of the variation of the copper (I) complex constant on the precipitated amount of carboxylate is more pronounced in propionic acid than in the other two acids. The equilibrium constant for copper (I) acetate (Keq_20) was calculated previously, 26 whereas the equivalent reaction for the other acids and their equilibrium constant were estimated in this paper. The rate constant for this set of reactions, which is in the reaction scheme, has not been determined experimentally. Copper (I) acetate works as an active step for the ligand-induced dissolution. When the constant is varied from one order of magnitude above to one order of magnitude below the base set value (Keq_20 and Keq_23), the variations have no effect on the precipitated amount of hydrated copper acetate and hydrated copper formate, while the variation of Keq_28 associated to hydrated copper (I) propionate shows a very large change of the precipitated amount exceeding the equivalent amount of hydrated copper (I) acetate. Figure 6 explores the changes in the solubility product for the precipitated phase Cu(CH 3 COO) 2 · H 2 O and its effect on the hydrated carboxylate amounts. When the solubility of Cu(CH 3 COO) 2 · H 2 O is increased, the amount of the precipitated carboxylate phase decreases (Fig. 6) . The opposite occurs with the amount of Cu 2 O and Cu(OH) 2 which slightly increase because the Cu + concentration increases with the solubility of hydrated carboxylate, 0.7 mM for Keq_74 = 1.5(1), 1.04 for Keq_74 = 1.5(2) and 1.16 for Keq_74 = 1.5(3) in the case of hydrated copper acetate. Consequently, the net oxidation of Cu + to Cu 2+ increases. The effect of changing the solubility product is less pronounced for the amount of Cu(HCOO) 2 .4H 2 O, which undergoes some changes near the end of the exposure, 90 ml for Keq_75 = 3.2(0), 86.2 for Keq_75 = 3.2(1) and 87.1 for Keq_75 = 3.2(2). The effect on the amount of Cu(CH 3 CH 2 COO) 2 .H 2 O when changing its solubility is also small. The value of the equilibrium constant for reaction 67 was taken from another GILDES simulation. 9 Stability constants of carboxylate surface complexes, reactions 68-70 were subject to variation in Table II . Increasing the stability constant of the surface complex S≡Cu(CH 3 COO) results in a larger amount of all precipitated species and surface concentrations. On the other hand, increasing the stability constant of the surface complex S≡Cu(HCOO) results only in a larger amount of S≡Cu(HCOO), whereas the other phases remain relatively constant, as in the case of the K H variation. Meanwhile, the variation of the S≡Cu(CH 3 CH 2 COO) stability constant produces more changes in surface and precipitated species concentrations. Due to the small concentrations produced from this acid the model for propionic acid is less stable than the models for the other two acids. Table III shows the concentration of surface species and precipitated phases for different values of the dissolution rate constants (reactions 77-80). The surface concentration of S≡Cu(CH 3 COO) decreases when the dissolution rate constant is above the base set (1 × 10 −7 ), and the surface concentration of S≡Cu + increases showing a maximum for the base set value. Increasing only the ligand-promoted dissolution rate (reaction 78) or the proton-promoted dissolution (reaction 77) favours the formation of all precipitated species. A growth of the amount of Cu(CH 3 COO) 2 · H 2 O is seen when increasing both dissolution rate constants (see Table III ). As result of the variations, increasing the constants kf_77, kf_78 and Keq_3 always produces higher amount of Cu 2 O compared to the amount of Cu(CH 3 COO) 2 .H 2 O. This can be observed with the dissolution of S≡Cu(CH 3 COO), which produces Cu(CH 3 COO) (reaction 78) which then dissolves to produce Cu + increasing the amount of Cu 2 O. In a similar way, increasing only ligand-promoted dissolution (reaction 79) has little effect on the precipitation of all species in the case of formic acid, showing a maximum in the base set value (1 × 10 −8 ). Increasing only proton-promoted dissolution decreases the amount of hydrated formate and produces more Cu 2 O. The same effect is seen when increasing both reactions, producing more amount of Cu 2 O and less Cu(HCOO) 2 .4H 2 O. This results in larger amount of copper (I) oxide compared to the hydrated formate. The results show that for acetic acid simulations, the two main reactions are ligand-and proton-promoted dissolution which when increased enhance the amount of both, copper (I) oxide and carboxylate. For simulations with formic acid, the main reactions are proton-promoted dissolution increasing the amount of Cu 2 O rather than carboxylate amount.
For the case of propionic acid, the lower value of ligand-promoted dissolution results in convergence problems, the software being unable to reach a solution. But when it is increased above the base set (1 × 10 −7 ), the amount of surface and precipitated species increases.
There are several ways to increase the amount of the Cu(CH 3 COO) 2 .H 2 O. One way is by increasing Henry's law constant for acetic acid (Keq_3) which results in less amount of CH 3 COOH that escapes back to the gas phase. Another way is to increase the ligand-promoted dissolution rate by one order of magnitude compared to the base set, which increases the amount of Cu(CH 3 COO) 2 .H 2 O by a factor of 45 (see Table III ). When increasing the ligand-as well as the proton-promoted dissolution rate, the effect is further enhanced. Varying Keq_74 to lower solubility product values gives more amount of Cu(CH 3 COO) 2 .H 2 O with almost no variation in the rest of the species. The same applies to the variation of Keq_45 and the production of Cu(CH 3 COO) 2 and, consequently, a decrease in both pH and copper hydroxide precipitation.
Conclusions
Computer simulations of the atmospheric corrosion of copper induced by carboxylic acids were performed using the GILDES model. The results were compared with experimental data obtained by combining IRAS and QCM on the initial study of atmospheric corrosion of copper in the presence of sub-ppm concentrations of acetic, formic and propionic acid.
The experimental and calculated results agree with each other with respect to the level of corrosion, showing formic acid as the more aggressive acid followed by acetic and propionic acid. This is supported by a higher ligand-and proton-promoted dissolution, which in turn depends on the lower pH found in formic acid exposures, followed by acetic and propionic exposures.
Under present exposure conditions gas transport was found to be rate limiting for formic acid but not for the other two acids. For acetic and propionic acid the Henry's law constant, which has a large uncertainty due to a wide range of reported values in the literature, is a very important parameter together with surface complex formation and solubility equilibria.
The dominant calculated precipitated phases were Cu 2 O, Cu(OH) 2 
